A phylogenetic tree was constructed by computer analysis of 47 completely determined 5S rRNA sequences. The wheat mitochondrial sequence is significantly more related to prokaryotic than to eukaryotic sequences, and its affinity to that of the thermophilic Gram-negative bacterium Thermus aquaticus is comparable to the affinity between Anacystis nidulans and chloroplastic sequences. This strongly supports the idea of an endosymbiotic origin of plant mitochondria.
INTRODUCTION
5S rRNA, a component of the large ribosomal subunit (1), appears to be one of the most suitable macromolecules for the study of molecular evolution, for the following reasons: (a) it is an almost universally occurring molecule which is apparently absent only from fungal and animal mitochondria (2) (3) (4) (5) , (b) it has a rather conservative primary and secondary structure (6) (7) (8) , (c) it is a unique RNA of quite informative but still handlable length (116 to 120 nucleotides) which makes its purification and sequence determination relatively easy, and (d) as a consequence of the latter reason, it is available from a rapidly increasing number of organisms (2) .
Several phylogenetic trees derived from 5S rRNA sequences have already been published (9) (10) (11) (12) (13) (14) . This study was undertaken in order to incorporate new 5S rRNA sequence data from eu-ascomycetes (4), echinodermata, protozoa and chloroplasts (6) , and to test the phylogenetic position of the recently determined wheat mitochondrial 5S rRNA sequence (15) . In contrast to the most recently published 5S rRNA tree (14) , this analysis is based entirely on completely determined sequences, and the tree is constructed stepwise by considering established phylogenetic affinities.
METHODS
All 47 sequences listed in Table 2 were aligned to maximal sequence homology by introducing a minimal number of gaps. Those nucleotides occurring in only one species at a given position (see the alignment of representative sequences in Fig. 1 ) were considered as late inserts and, therefore, were eliminated from further analysis. Tree topologies were determined by the matrix method of Fitch and Margoliash (16) . For determining differences between pairs of original sequences (difference matrix), a gap versus a nucleotide was counted as one-half the value of a nucleotide substitution (14) . Higher values (17) were also tested, but they did not influence tree topologies.
Protosequences were constructed as follows: To each nucleotide or gap of an original sequence the index 1.0 was given. For all positions of a given pair of sequences (which may consist of two original sequences, two protosequences or a combination of both), the "nucleotide composition" (reflecting the probability of a given nucleotide to be at this position in the ancestral sequence) was determined by adding up the one-half indices for each nucleotide at a given position (an example is shown in Table 1 ). The difference between two (proto)sequences was determined as follows: For each position the product of indices for all possible pairs of different nucleotides was formed (gap versus nucleotide: one-half product), as demonstrated in Table 1 , and the sum of all products for a given pair of sequences (= difference, d) was plotted as nodal point in the tree diagram of Fig. 2 .
The various sub-trees of metazoa, protozoa, mycophyta, plants, Gram-negative and Gram-positive bacteria were constructed stepwise and separately by using similar criteria as described for constructing tRNA trees (18) , and considering biologically supported affinities, previous 5S tree data (13, 14) and tree data derived from RNase T1 catalogues of bacterial 16S rRNAs (19) .
Calculations were performed with a UNIVAC 1100/82 computer, using a Fortran program. (14) , exept for positions 80 to 110, where the correlation between the two groups of eukaryotic and prokaryotic sequences has been altered in such a way to increase the overall homologies of both primary structure (Table 3 ) and potential secondary structure (boxed regions of Fig. 1 ). The helical regions of E. coli 5S rRNA as shown in Fig. 1 have recently been determined by several independent methods (V.A. Erdmann, personal communication), and there is a general agreement (7,14) that other 5S rRNAs are similarly backfolded, except for the stem region S4 which can be formed only in eukaryotic molecules and, interestingly, in the archebacterial species H. cutirubrum.
RESULTS AND DISCUSSION
The alignment of the recently determined wheat mitochondrial 5S rRNA sequence deserves some comments: It is obvious that this sequence fits well the general frame of invariant and semi-invariant nucleotides (Table 3) (c) Table 4 shows that the mitochondrial sequence is significantly more related to prokaryotic than to eukaryotic sequences, and that the affinity between the Thermus aquaticus and plant mitochondrial sequences is almost as high as between the cyanobacterial and chloroplastic sequences. Thermus aquaticus is a thermophilic, aerobic, Gram-negative eubacterium (22) which apparently has diverged rather early from other Gram-negative bacteria (Fig. 2) . The surprisingly high affinity between the plant mitochondrial and the T. aquaticus sequence could be explained by convergence, but might also point to a phylogenetic relationship. This interesting possibility could be tested by sequence analysis of a truly universal molecule, such as the small ribosomal subunit BNA (or its gene) from different mitochondria and bacteria, including T. aquaticus and members of the Rhodospirillaceae. The latter group of photosynthetic bacteria has been reported to be the closest relative to the "bacterial precursor" of mitochondria, on the basis of cytochrome c sequence analysis (13). Fig. 2 shows a phylogenetic tree derived from the 5S rRNA sequences listed in Table 2 and constructed as described in Methods. The topology of the tree for sequences 1,4 and 5 (mammals and reptils) was only slightly superior to the two alternative topologies, and the same is true for the topology of the deuterostomian branch (fish sequence and protosequences of amniota and amphibia).
The sea urchin sequence is significantly more related to the protostomian (insect) sequence (d = 16) than to the deuterostomian protosequence (d = 22). This is unexpected since the echinodermata are generally classified as early deuterostomians (23) . On the other hand, the phylogenetic significance of gastrulation and deuterostomy has been questioned (24) , and it might be worthwhile to study 5S rENA sequences of molluscs and tunicates, in order to test alternative phylogenetic pathways leading to the separation of vertebrates and invertebrates. The protosequence of the two protozoa (trypanosome and ciliate) is more related to the protosequence of metazoa (d = 43) than to that of fungi (d = 50) or plants (d = 53). Therefore, a common precursor of metazoa and protozoa ("zoa") was constructed and compared to that of fungi (4) and plants (including the green alga Chlorella pyrenoidosa which is clearly related to higher plants) (14) . Fig. 3 shows the three possible tree topologies. The third alternative is the most unlikely one, and the first tree is a slightly better solution than the second one, since the fungal protosequence is more related to that of "zoa" than to that of plants.
The affinities between metazoa, protozoa and fungi are still increased if a recently published slime mold 5S rRNA sequence (Dictyostelium discoideum) (28) is included in the tree analysis (data not shown here): the closest relative to this sequence is that of the protozoa C. fasciculata (d = 40). Another independent argument favouring an early separation of green algae and plants from all other eukaryotes (fungi and zoa) comes from the analysis of mitochondrial genomes: plant mitochondria contain a heterogenous genome of very high complexity (up to 300 kb) (25) possessing a 5S rRNA gene and gene product (26, 27) , whereas fungi and animal mitochondria have a homogenous genome of much smaller size (75 to 15 kb) and apparently have lost a 5S rRNA gene (2-4).
The tree data of Fig. 2 suggest an extremely early separation of "urkaryotic" precursors to nucleated cells (19) and relatives) and a common precursor to cyanobacteria and Gram-negative bacteria. Although the organelle sequences are significantly related to members of the latter two groups (dotted lines of tree diagram) they were not included for constructing protosequences. The difference scale of Fig. 2 is equivalent to the "mutational distance"
between 5S rRNA sequences (17), but not necessarily equivalent to the elapsed time, because possible differences in the rate of nucleotide substitution in various organisms have not been taken into account. It should be noted, however, that the striking similarity of mutational distances between chloroplast sequences and between cytosol sequences of higher plants suggests a rather similar mutational rate for nuclear and chloroplast 5S rRNA genes. Furthermore, the similarity of the chloroplast sequences and their similar mutational distance from the cyanobacterial sequence points to a common endosymbiotic origin of higher plant chloroplasts. This may not be so in the case of mitochondria. Our tree data leave open the possibility that the early eukaryotes (containing "urkaryotic" nuclei but no organelles) have differentiated into different cellular prototypes before the invasion of protomitochondria, and that the different types of mitochondrial genomes (and different eukaryotic kingdoms) have originated from several independent cellular fusion events.
